Purpose of review Treatment of mineral metabolism is a mainstay of dialysis care including some of its most widely used and costly pharmaceuticals. Although many mineral metabolites are associated with increased risk of mortality, cardiovascular disease, and other morbidities, few clinical trials are available to guide therapy and most focus on single drug approaches. In practice, providers manage many aspects of mineral metabolism simultaneously in integrated treatment approaches that incorporate multiple agents and changes in the dialysis prescription. The present review discusses the rationale and existing evidence for evaluating integrated, as opposed to single drug, approaches in mineral metabolism.
INTRODUCTION
Integrated management of mineral metabolism in patients with end-stage renal disease (ESRD) on dialysis embraces its complex physiology to focus on multipronged interventions. Over the past four decades, a wide armamentarium of mineral metabolism drugs have emerged including a steady progression from vitamin D and calcitriol to calciumbased phosphorus binders, synthetic vitamin D sterols, noncalcium-based phosphorus binders, calcimimetics, and most recently, novel iron-based phosphorus binders. Simultaneous with these evolving pharmacologic options have been systematic changes in dialysis practices including changes in common dialysate calcium concentrations, dialysis duration, parathyroid hormone (PTH) and phosphorus targets, and iron administration patterns, effectiveness and biochemical 'target' trials as the most feasible approaches to developing evidencebased practices. Integrated mineral metabolism therapy goes a step further to consider interactions between classes of mineral metabolism agents, but also other features such as dialysate prescriptions and intensity of treatment targets, in an effort to identify optimal holistic treatment practices in ESRD. This growing focus on integrated management is reflected in the updated Kidney Disease: Improving Global Outcomes (KDIGO) Guidelines for Chronic Kidney Disease Mineral and Bone Disorder (CKD-MBD) that newly emphasizes the need to consider mineral metabolites in concert (Guideline 4.1.1) [3 & ]. On this backdrop, the current manuscript reviews the landscape of clinical trials in mineral metabolism and related areas in ESRD, and considers the case for further studies of integrated mineral metabolism therapy as an area for future clinical trials.
INTEGRATED PHYSIOLOGY IN MINERAL METABOLISM
Mineral metabolism in untreated ESRD is characterized by elevation in serum phosphorus and its regulatory hormones fibroblast growth factor 23 (FGF23) and PTH; and low levels of 1,25-dihydroxyvitamin D
KEY POINTS
Management of mineral metabolism in ESRD involves simultaneous management of multiple classes of pharmacologic agents and co-interventions, such as vitamin D sterols, calcimimetics, phosphorus binders, and the dialysate prescription.
Different pharmacologic options often having opposing effects on biochemical risk factors, such as the impact of vitamin D sterols to raise, and calcimimetics to lower, FGF23, phosphorus, and calcium.
Combinations of agents and rational selection of cointerventions, such as use of calcium-based or noncalcium-based phosphorus binders or adjustment of dialysate time and calcium, may best normalize the physiologic milieu in ESRD.
Few trials adequately powered for clinical events have been conducted testing mineral metabolism drugs in isolation, and none have evaluated an integrated strategy characterized by its combination of drugs and co-interventions. (1,25-D), serum calcium, and expression of a-klotho, the co-receptor for FGF23. The prevailing view is that the genesis of these abnormalities centers on a reduced capacity to excrete phosphorus as kidney disease worsens [4] . To counteract this reduced capacity, FGF23 rises. In addition to promoting phosphorus excretion, FGF23 inhibits the hydroxylation of 25-hydroxyvitamin D to the active form of 1,25-D, leading to falling levels. Low 1,25-D results in lower serum calcium and klotho. Both low 1,25-D and calcium drive progressive increases in PTH, completing the constellation of abnormalities (Fig. 2) [5, 6] . Treatment to reverse these changes has been a central component of dialysis management for decades largely to prevent severe bone disease, vascular disease, and deformity that was previously widespread without therapy [7, 8] .
Over the last 2 decades there has been growing recognition of the role the mineral metabolism axis may play in the development of less overt forms of cardiovascular disease, prompting calls to treat this axis more aggressively. In vitro, in vivo, and mostly observational human studies link higher phosphorus concentrations to vascular calcification and dysfunction in ESRD; high FGF23, high PTH, and low klotho to changes in cardiac structure and function, such as left ventricular hypertrophy and myocardial fibrosis; and change in serum calcium to vascular calcification and arrhythmia (Fig. 2) [9] [10] [11] [12] [13] [14] [15] [16] [17] . Therapies focused on lowering serum phosphorus and PTH, and treating 1,25-D deficiency can reverse some of these biochemical changes, but have not convincingly demonstrated efficacy in reducing clinical cardiovascular toxicities [18] [19] [20] [21] [22] [23] [24] [25] [26] . This uncertainty is, in part, because of the lack of high quality placebo-controlled trials.
However, even where trials exist, generalizing from single-agent studies to full management Each of these control mineral metabolites at different points within its integrated physiology. For instance, phosphorus binders limit the gastrointestinal absorption of phosphorus, lowering serum levels and helping to maintain normal parathyroid hormone (PTH) and, possibly, fibroblast growth factor 23 (FGF23). Certain classes of phosphorus binders, such as iron-based binders, have proven effects to lower FGF23 in part by repleting iron stores. Calcimimetics directly lower PTH as partial agonists of the calcium sensing receptor. Because of the effects of PTH on FGF23 transcription and vitamin D activation, these drugs also lower FGF23 and serum phosphorus. By lowering the ability of PTH to respond to falling calcium, hypocalcemia is a major adverse effect. Vitamin D sterols consisting of calcitriol and its analogs lower PTH through feedback inhibition. However they raise FGF23, as well as calcium and phosphorus. Not pictured, these agents also promote endogenous klotho expression, the co-receptor for FGF23. By promoting klotho it is plausible that vitamin D sterols help ameliorate the adverse cardiovascular effects of FGF23 that appear to depend upon klotho-independent signaling. Hypothesized toxic downstream effects of these physiologic changes are depicted in the column to the right. Overall, this schematic illustrates the complexity of mineral metabolism and provides a theoretical justification for a multitarget intervention.
strategies that better reflect the care delivered by providers is challenging because of the complex physiologic interaction of the treatment targets in mineral metabolism. For instance, treatment with calcitriol or active vitamin D sterols lowers PTH but also raises FGF23, serum calcium, and phosphorus [22, 23, 27, 28] . Theoretically, some of these potential risks could be offset by the impact of vitamin D to boost endogenous klotho expression, potentially directing the higher FGF23 away from purported adverse cardiovascular effects which depend on klotho-independent signaling [29, 30] . However, calcimimetics lower FGF23 along with PTH and reduce serum calcium and phosphorus [31] . The adverse calcium and phosphorus related effects of vitamin D agents and calcimimetics can be somewhat attenuated by selection of phosphorus binders with or without calcium, or adjustment of the dialysis duration or calcium concentration [32, 33] . The sometimes opposing biological impacts of these different therapies and co-interventions underscore the importance of considering the full approach to mineral metabolism in design and interpretation of future studies.
INTEGRATED TREATMENT TARGETS IN MINERAL METABOLISM
Because of the inherent biological connections between mineral metabolites discussed above, it may not be ideal to evaluate each abnormality in isolation. Data from a large cohort of prevalent dialysis patients identified common mineral metabolism 'phenotypes', characterized by combinations of serum calcium, phosphorus, and PTH. In this study many phenotypes that included hypercalcemia or common phenotypes, such as high PTH alone or concomitant elevation of PTH and phosphorus, were associated with increased risk of death and cardiovascular disease [34] . Further analyses of this cohort evaluated a simplified metric that quantified the number of mineral metabolites above guideline-based ranges. In this study having 2 or more mineral metabolite above range is both common and associated with high risk of adverse outcomes, thereby identifying a group in need of focused attention [35] . Mineral metabolism related drugs are among the most widely prescribed and costly drugs in dialysis care, thus focusing efforts on this high risk, common group could be beneficial from a population health management perspective [36] .
However, both of these prior studies were limited because patients were already being treated with mineral metabolism therapies in most cases. Therefore, these results may reflect improved outcomes among patients who are responsive, as opposed to refractory, to therapy. Additionally, these studies do not consider the drugs that are being used to manage mineral metabolism. In addition to controlling serum calcium, phosphorus, and PTH, many mineral metabolism drugs have opposing effects on biochemical risk factors that are not currently measured in practice, such as FGF23 and klotho, and other unknown or unmeasured beneficial and adverse effects. In lieu of studies focused on achieved biochemical values as treatment targets, studies focused on comparing different treatment approaches may better answer questions about optimal therapy.
EVIDENCE-BASE AND PRINCIPLES FOR SINGLE DRUG APPROACHES
Most of the existing evidence guiding treat approaches for mineral metabolism in dialysis is focused on single drug approaches to care as reviewed below.
Phosphorus binders
Phosphorus binders have been used for decades to reduce gastrointestinal phosphorus absorption in ESRD and prevent severe hyperphosphatemia. Based on risks extrapolated from observational and animal studies, guidelines advocated more stringent control of serum phosphorus levels resulting in a large number of approved products for phosphorus lowering [3 & ,37-41] . None of these products have been shown to lower risk of hard clinical outcomes in placebo-controlled trials. A recent trial in approximately 100 individuals with ESRD on hemodialysis demonstrated the feasibility of achieving higher and lower phosphorus targets using a binder titration algorithm [42] . This and other studies are building momentum for trials that could evaluate phosphorus binders versus placebo, with rescue therapy for severe hyperparathyroidism, or higher versus lower serum phosphorus targets among patients using binders.
A small number of randomized trials have evaluated the comparative effectiveness of different classes of phosphorus binders particularly calciumbased versus sevelamer-based binders [43] [44] [45] [46] [47] . The largest of these studies, the Dialysis Clinical Outcomes Revisited (DCOR) was plagued by frequent drop out and loss to follow up, ultimately yielding nondefinitive results [44] . However, leveraging a passive follow up mechanism via linkage with mortality and ESRD registries, a longer-term analysis demonstrated no difference between binder types [48] . Meta-analyses have pooled this study along with smaller studies not powered for mortality and found a small but statistically significant benefit of noncalcium based binders [49, 50] . Largely based on these findings and concerns about calcium balance in ESRD, the updated KDIGO Guidelines for CKD-MBD recommends limiting the total dose of calcium-based phosphorus binders [3 & ]. However, because most of the included studies in these meta-analyses were neither designed for survival outcomes nor registered, small study and publication biases could significantly contribute to this finding. In addition, these studies were largely conducted in an era when active vitamin D sterols were the dominant approach to manage secondary hyperparathyroidism. Because the risk associated with calcium-based binders may be due to excessive calcium loading and vascular calcification, calciumbased binders may not confer the same risks if coupled with calcimimetics for treatment of secondary hyperparathyroidism or in the setting of lower dialysate calcium. In fact, in recent trials of calcimimetics, increased intake of calcium-based phosphorus binders is a common approach to mitigate their hypocalcemic effects [33,51 & ]. Trial data on the safety and efficacy of calcium-based phosphorus binders in the setting of calcimimetic use, specifically, are not available, but this could be evaluated as a component of an integrated management approach.
Novel phosphorus binding agents, such as iron based binders, have recently emerged as a therapeutic option [52] . In addition to lowering phosphorus, many binders in this class have the additional potential benefit of lowering FGF23 and reducing erythropoietin and iron requirements [53] . Neither placebo-controlled, nor comparative effectiveness trials have been conducted to evaluate the impact of these binders on clinical outcomes, such as mortality, cardiovascular events, or fracture.
Calcitriol and vitamin D sterols
Use of calcitriol or other active vitamin D sterols in patients with ESRD on dialysis and secondary hyperparathyroidism clearly improves PTH, prevents parathyroidectomy, and improves bone histology [22, 23] . Observational studies suggest benefits of treatment with vitamin D agents in ESRD, including reduction in mortality, but these benefits have never been confirmed in trials [54] [55] [56] . Currently, active vitamin D sterols are used in the majority of patients on dialysis worldwide and thus placebo-controlled trials are unlikely. Dose escalation trials focused on alternate fixed doses or titration to a target PTH could provide evidence for a doseÀresponse effect, solidifying their role in cardiovascular disease prevention.
Comparative effectiveness trials have evaluated calcitriol and vitamin D sterols head-to-head focusing on biochemical endpoints in ESRD. In sum, these studies largely have demonstrated fewer episodes of clinically relevant hypercalcemia with the use of synthetic vitamin D sterols compared to calcitriol in some studies, and similar or superior effects on PTH reduction and bone outcomes [32, 57] . Comparisons of alternative sterols have demonstrated similar efficacy in PTH reduction, although most were not designed with a priori noninferiority or equivalence criteria [28, 58] . Long-term comparisons utilizing randomized designs are not available, however observational comparative effectiveness studies report similar long-term outcomes with different agents, such as paricalcitol versus doxercalciferol [56] . Novel, investigational vitamin D sterols with different routes of administration, pharmacokinetics, and possibly increased selectivity for bone and parathyroid gland are under development [59] .
Calcimimetics
Cinacalcet received US Food and Drug Administration (FDA) approval in 2004 as the first-in-class calcimimetic based on its ability to lower PTH in short-term placebo-controlled trials of patients on dialysis [19, 25, 60, 61] . Pooled results from these trials demonstrated better achievement of guideline based targets for PTH, phosphorus, and calcium with addition of cinacalcet compared to placebo [62] . A post-hoc meta-analysis of these and other placebo-controlled cinacalcet trials suggested a reduced risk of parathyroidectomy, fracture, and cardiovascular hospitalization when cinacalcet was added to standard of care [63] . The included trials were not designed for these endpoints and often restricted titration of standard of care medications. Nonetheless, their pooled results helped lay the groundwork for the Evaluation of Cinacalcet Hydrochloride Therapy to Lower Cardiovascular Events (EVOLVE) trial, which tested cinacalcet versus placebo in addition to standard of care on the primary composite outcome of all-cause mortality, myocardial infarction, unstable angina, heart failure, and peripheral vascular event in over 3000 patients on hemodialysis [26] . Secondary outcomes included parathyroidectomy and fracture. In contrast to the preceding meta-analysis in which therapies other than cinacalcet were generally not titrated, the design of EVOLVE included titration of standard of care medication, such as active vitamin D sterols and phosphorus binders, to conform with contemporary practice targets. The combined results of EVOLVE did not reveal a statistically significant benefit of cinacalcet on the primary outcome although a benefit was seen in adjusted analyses and analyses that censored follow up 6 months after discontinuation of the study drug. Rates of parathyroidectomy and severe tertiary hyperparathyroidism were lower in the cinacalcet group, but reduction in fracture was only observed after adjustment for baseline characteristics [26, 64] .
Drop out was a major limitation of many studies evaluating mineral metabolism approaches including over 60% drop out in the cinacalcet group within EVOLVE and 20-30% drop out in earlier studies [19, 26, 65, 66] . A newer intravenous calcimimetic, etelcalcetide, recently received FDA approval for treatment of secondary hyperparathyroidism in patients with ESRD on dialysis because of PTH reduction in placebo-controlled trials [33] . In a comparative effectiveness noninferiority trial, etelcalcetide achieved even greater PTH and FGF23 lowering than cinacalcet in the short term. It is not clear if this is because of greater efficacy of the formulation or greater investigator control of treatment adherence because of its ease of administration during hemodialysis. Adverse gastrointestinal effects were similar despite the intravenous route of administration [51 & ]. The PARADIGM trial is the first to compare management of secondary hyperparathyroidism with calcitriol or active vitamin D analogs versus cinacalcet monotherapy. PARADIGM studied approximately 300 participants on hemodialysis for up to 1 year [67] . Vitamin D and cincacalcet based strategies demonstrated similar efficacy at reducing PTH. Post-hoc analyses in other trials suggest that they have opposite effects on other biochemical risk factors, such as FGF23, phosphorus, and calcium [27] . Subgroup analyses within PARA-DIGM demonstrated that the PTH reduction with cinacalcet was greater when associated with a calcium-based phosphorus binder or a higher dialysate calcium, perhaps by mitigating additional stimulation of PTH by hypocalcemia [67] . Although this study was expressly designed to study monotherapy, these biological interactions with other mineral metabolism co-interventions imply the need to study complete or integrated mineral metabolism strategies to best optimize therapy.
EVIDENCE-BASE AND PRINCIPLES FOR INTEGRATED THERAPEUTIC APPROACHES
A growing body of literature is evaluating multidrug therapy and considering drug treatment in the context of other aspects of dialysis care. These types of studies recognize the complexity of mineral metabolism physiology and represent the full 'practice style' of different treating providers who simultaneous manage many aspects of mineral metabolism [3 & ,38,68] . In the setting of limited guidance from trials and international organizations on best strategies, a variety of styles abound [69, 70] .
Combined pharmacologic approaches
In the ACHIEVE trial, 173 patients with secondary hyperparathyroidism were randomized to cinacalcet plus low-dose active vitamin D sterols versus titration of active vitamin D sterols alone. The results demonstrated that a higher proportion of patients achieved guideline-based targets for PTH, calcium, and phosphorus in the cincalcet plus vitamin D arm [65] , and that this arm resulted in a lower FGF23 than vitamin D alone [71] . These effects on improved PTH, calcium, and phosphorus may translate into reduced burden of vascular calcification, as suggested in the ADVANCE study. In ADVANCE, 360 participants were again randomized to cinacalcet plus low-dose vitamin D sterols versus low-dose vitamin D sterols alone for 52 weeks. The primary outcome was the proportion of participants with more than 15% progression in coronary artery calcification score as determined by computed tomography. There was a trend towards less progression of calcification in the cinacalcet plus low-dose vitamin D group that was not statistically significant in the unadjusted analysis (P ¼ 0.09), but was stronger with adjustment for baseline imbalances between groups, including higher serum phosphorus in the cinacalcet plus vitamin D group (P ¼ 0.01) [66] . In each of the above studies the achieved PTH was lower in the cinacalcet plus vitamin D group compared to vitamin D alone making it difficult to discern effects of specific drug classes from more intensive management of secondary hyperparathyroidism.
The OPTIMA trial evaluated a clinical protocol favoring cinacalcet as a central agent, but that also added or titrated active vitamin D sterols and phosphorus binders in response to changes in calcium, phosphorus or over-suppression of PTH, in order to achieve simultaneous control of multiple parameters [72] . IMPACT SHPT used as similar approach of protocol driven care combining cinacalcet and active vitamin D sterols in the treatment arm, but unlike OPTIMA also provided a clear protocol for dose titration in the active vitamin D alone arm achieving more standardized care in both groups. In OPTIMA, biochemical outcomes were improved with a cinacalcet-based approach, whereas the vitamin D arm (paricalcitol) had lower rates of treatment discontinuation and achieved better PTH results in IMPACT SHPT [73] . Neither study was designed to evaluate clinical outcomes.
Dialysate management
Although changes in dialysate calcium and time may help mitigate adverse effects of active vitamin D sterols and cinacalcet, only a few studies have evaluated the impact of dialysate management in conjunction with mineral metabolism drugs. In a secondary analysis of the EVOLVE trial, cinacalcet therapy was associated with lower risk of the primary outcome among those using higher dialysate calcium (>2.5 mEq/l), but not among those with lower dialysate calcium although the interaction was not statistically significant [74 & ]. Cinacalcet also demonstrated stronger PTH reduction in PARA-DIGM among those using higher dialysate calcium [67] . It is possible that low dialysate calcium coupled with hypocalcemic effects of cinacalcet may offset some of the benefits of therapy because of risks related to hypocalcemia or additional stimulation of PTH [75] . 3. Hypothetical patient scenarios illustrating different approaches to mineral metabolism therapy from an integrated perspective. These panels indicate four hypothetical patients with different treatment approaches to mineral metabolism. Most prior studies have evaluated one component of mineral metabolism at a time. From this single agent perspective, both patients 1 and 2 may be classified as patients using a vitamin D alone approach, although they have differences in control of calcium and phosphorus perhaps because of their selection of phosphorus binders and dialysis treatment time. Both patients 3 and 4 would be considered calcimimetic users, however the use of calcimimetics along with vitamin D in patient 4 yields higher serum phosphorus and calcium. Patients 1, 2, and 4 each use a dialysate calcium of 2.5 mEq/l versus 3.0 mEq/l in patient 3. However, they achieve quite different serum calcium in part because of different use of calcium-based binders, cinacalcet and vitamin D. Finally, patients 2 and 3 achieve lower serum phosphorus targets versus patients 1 and 4, but via different approaches, with one patient using cinacalcet and 2 phosphorus binders and the other using one high dose binder and longer dialysis time. Given the biological interactions of mineral metabolites and mineral metabolism drugs as presented in Figure 1 , trials of drugs and targets in mineral metabolism should compare effectiveness of a full, or integrated, intervention that provides a consistent global approach to mineral metabolism. PTH, parathyroid hormone.
Other drugs and aspects of dialysis care
In addition to the primary drug classes and dialysate composition, other aspects of dialysis care can contribute to control of mineral metabolism. Extension of dialysis treatment time can improve dialytic phosphorus removal, potentially impacting serum phosphorus and other downstream mineral metabolites [76, 77] . Investigational mineral metabolism treatments currently in phase 3 trials may provide additional tools in the treatment arsenal if approved for use. For instance, tenapanor, a small molecular inhibitor of gastrointestinal phosphorus absorption, lowered serum phosphorus and FGF23 in patients with ESRD on dialysis in shortterm trials. Future trials are needed to clarify possible roles in an integrated strategy for mineral metabolism [78 & ].
CONCLUSION
The 2017 KDIGO Guidelines for CKD-MBD highlight uncertainty about best agents and targets to use for treatment of mineral metabolism in ESRD [3 & ]. With limited evidence from comparative effectiveness studies, no clear consensus has emerged about the best pharmacologic options for treating mineral metabolism, including calcitriol and other active vitamin D sterols, calcimimetics or combinations, or a growing number of classes of phosphorus binders [3 & ]. In the meantime our biological understanding of the role of a wide variety of mineral metabolites in the pathogenesis of cardiovascular and bone disease and their inherent biological tradeoffs underscore the potential folly of studies that consider treatments in isolation. Classifying mineral metabolism approaches by only one aspect of care cannot easily characterize them in a mutually exclusive way, as illustrated schematically in vignettes in Fig. 3 , and will require an alternative integrated scheme. By analogy, similar approaches have been embraced in other complex fields, such as nutrition, in which interaction between nutrients turned the paradigm towards studying dietary patterns, such as the Dietary Approaches to Stop Hypertension (DASH) pattern, as opposed to isolated nutrient targets [79] . In mineral metabolism, although growing biological insights and singleagent studies can guide hypotheses about holistic strategies, ultimately confirmatory trials of different treatment approaches will be needed to translate this high impact area into the best care practices for patients.
